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NOMENCLATURE 
9 
IFR 
accelerations along the x, y, z aircraft axes 
center of gravity 
acceleration due to gravity 
instrument flight rules 
angular velocities about x, y, z aircraft axes 
angular accelerations about 2, y, z aircraft axes 
vortex radius 
visual flight rules 
cartesian coordinates and distances along these axes 
vortex strength 
aileron deflection 
vortex decay effect (see eq. (1)) 
pitch attitude 
vortex age (see eq. (1)) 
bank angle 
heading angle 
Euler angles relating airplane wind axes to the vortex axes 
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SUMMARY 
A piloted, motion-base simulation was conducted to evaluate rhe ability 
of simulators to produce realistic vortex encounters and to develop criteria 
to define hazardous encounters for one of the several classes of aircraft of 
concern. 
Evaluation of the simulation by pilots experienced in vortex encounters 
confirmed the capability of the NASA-Ames six-degree-of-freedom simulator to 
realistically reproduce wake vortex encounters. 
A boundary for encounter hazard based on subjective pilot opinion could 
be identified in term of maximum bank angle. For encounter altitudes from 
200 to 500 ft (61.0 to 152.4 n), tentative hazard criteria established for 
visual flight conditions indicated that the acceptable upset magnitude 
increased nearly linearly with increasing altitude. At altitudes below 200 it 
(61.0 m) and for instrument conditions, insufficient small angle encounters 
were obtained to establish any hazard criteria. However, the available data 
suggests that the allowable upsets under instrument conditions will be no 
greater than 50 percent of that allowable under visual conditions. 
INTRODUCTION 
The need to increase the capacity of the nation's airports and to increase 
protection against accidents has led to a program by the FAA to develop an 
"Updated Third Generation" air traffic control system for the 1980's (ref. 1). 
The success of this system is dependent upon development of techniques for 
reducing the current longitudinal separations required to avoid the hazard 
from trailing wake vortices, particularly from large aircraft during approach 
and landing. Research on wake vortex hazard alleviation is in progress using 
two approaches. The first is alleviation by aerodynamic means (refs. 2-6). 
The second approach is to implement a wake vortex avoidance system. This 
system, which relies on information from ground-based measurements (refs. 3 
and 6), will adjust afrcraft spacings to avoid hazardous encounters when it 
is predicted that a vortex from a preceding aircraft is in the approach path. 
As an element of the wake vortex avoidance system, research is being con- 
ducted at Ames Research Center to define criteria relating the hazard of the 
encounter to the response of the encountering aircraft. These cri,-eria are 
being determined from a six-degree-of-freedom, moving-base, piloteo simulation 
which provides the means for producing a large number 3f repeatable encounters 
in an operational situation in a short period of time. The objectives of this 
first simulation are to (1) evaluate the ability of simulators to produce 
realistic encounters, (2) provide data for vortex encounter hazard criteria 
for one of the several classes of aircraft of concern and, (3) provide data 
for the development of a pilot model for use in unmanned simulations. To 
satisfy the first objective the Learjet was chosen as the encountering air- 
craft since it has been flown in a number of flight tests by pilots who were 
also available to participate in the simulation. This report covers the 
results obtained to satisfy the first two objectives. The pilot model is 
being developed separately by Systems Technology, Inc. under contract. This 
contractor was also responsible for development of the simulation model and 
the pilot rating scale and questionnaire for assessing wake vortex hazard. 
SIMULATION 
Description of the Simulator 
The investigation was conducted on the NASA-Ames Research Center six- 
degree-of-freedom piloted-motion simulator shown in figure 1. Details perti- 
nent to the present investigation are presented below. 
Motion c a p a b i l i t i e s -  The motion limits of the simulator are +35' in roll, 
pitch and yaw, and '9 ft ( r 2 . 7 4  m) in the longitudinal, lateral and vertical 
directions. Limits on rates and accelerations are given in table I. The 
motion logic, including washout, residual tilt, limiting circuits an$ cross- 
coupling terms is discussed briefly in Appendix A. Bode plots of frequency 
response for the basic simulator are also presented in Appendix A. 
Cab d e t a i l s -  The simulator is equipped with a one-man cab (fig. 1) with 
the instrumentation required for VFR and IFR landing approach tasks as listed 
in table I1 and shown in figure 2. The cab is equipped with throttle, gear 
and flap controls (fig. 3 and table 111) for abort, clean-up and go-around 
performance. The cab is also equipped with hydraulically actuated control 
loaders for the wheel and column, and spring loaded pedals for the rudder 
controls. The hydraulic loaders were programed to give the desired control 
forces and gradients with accompanying dead bands and hysteresis. 
The cab was configured to approximate the Learjet used in the flight 
program (ref. 7) to enhance the realism to aid in evaluating the effectiveness 
of the simulation. 
Visua l  and aural cues- The pilot in the cab is given visual and aural 
cues as well as the motion cues. The visual cues consist of a 600:l scale 
landing approach scene displayed on a black and white T.V. monitor mounted 
above the instrument panel. When the T.V. presentation is used, the cab is 
completely enclosed, unlike that shown in figure 1. The visual scene is 
generated by a compuLer 5riven six-degree-of-freedom T.V. camera that dupli- 
cates the aircraft motion with respect to the landing approach scene. 
Although t h e  s i m u l a t o r  motion is  r e s t r i c t e d  t o  +35' of bank,  f o r  example, t h e  
v i s u a l  s c e n e  i s  c a p a b l e  of  +100° of  bank. Thus,  even though t h e  motion c u e s  
may be  r e s t r i c t e d  by p h y s i c a l  l i m i t a t i o n s  o r  washout t e rms  t h e  p i l o t s  v i s u a l  
s c e n e  w i l l  g i v e  r e a l i s t i c  bank a n g l e s  up t o  +lOOO. The f requency  r e s p o n s e  
c t i a r a c t e r i s t i c s  of t h e  v i s u a l  system a r e  g i v e n  i n  Appendix A. 
The a u r a l  c u e s  c o n s i s t  of e n g i n e  n o i s e  modulated by t h r o t t l e  p o s i t i o n  and 
are i n t r o d u c e d  th rough  s t e r e o  s p e a k e r s  l o c a t e d  i n  t h e  c a b .  
Modeling 
A c o n v e n t i o n a l  s i m u l a t i o n  model t o  r e p r e s e n t  t h e  G a t e s I L e a r j e t  Model 2 3  
was  developed.  The f o r c e s  and momeqts caused  by e n c o u n t e r  w i t h  t h e  v o r t e x  
w e r e  simply superimpoped upon t h o s e  computed f o r  t h i s  c o n v e n t i o n a l  model. 
R e p r e s e n t a t i o n  of  t h e  v o r t e x  e n c o u n t e r  r e q u i r e s  a  mathemat ica l  model of t h e  
v o r t e x ,  and i t s  i n t e r a c t i o n  w i t h  t h e  e n ~ ~ w n t e r i n g  a i r c r a f t .  I n  a d d i t i o n ,  t h e  
s i m u l a t i o n  r e q u i r e d  s p e c i a l  computa t ions  ' i r  e n s u r e  t h a t  r e p e a t a b l e  e n c o u n t e r s  
w e r e  o b t a i n e d .  F i n a l l y , , t u r b u l e n c e  was ic Iroduced   hat was modeled s o  t h a t  
p i l o t  d e s c r i b i n g  f u n c t i o n  i n f o n n a t i o n  cor:? cl he  d v i v e d  f  rc>nr t h e  measured p i l o t  
r e s p o n s e .  T h e s e  model ing e f f o r t s  f o r  t h p  wake 3 c - t e x  ent i 1rl:ier s i m u l a t i o n  
a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  
Aircraft model- The aerodynamic mcir!el For t i i ~  s i m u l a t i o n  r e p r e s e n t s  t h e  
G a t e s f L e a r j e t  Model 23 and i n c l u d e s  apprnach  and cake-off c o n f i g u r a t i o n s .  The 
model  d e f i n e s  t h e  a i r c r a f t  c o n t r o l  sys tem v a r i a b l e s  ~ n d  t h e  yaw damper and 
p r o v i d e s  f o r  c lean-up  and go-around f o l l o w i n g  an a i o r t e d  l a n d i n g .  
Vortex  rnodeZ- The v o r t e x  model i s  d e f i n e d  by a  p a i r  of  two-dimensional 
v o r t i c e s .  The p a r a m e t e r s  t h a t  c h a r a c t e r i z e  t h e  f low f i e l d  i n  each  c a s e  were:  
v o r t e x  s p a c i n g ,  c o r e  d i a m e t e r  and c i r c u l a t i o n  s t r e n g t h .  The t a n g e n t i a l  ve loc-  
i t y  from e a c h  v o r t e x  was c a l c u l a t e d  from t h e  f o l l o w i n g  e q u a t i o n ,  and t h e  r e s u l -  
t a n t  v e l o c i t y  a t  a  g i v e n  p o i n t  was computed i n  t h e  manner d e s c r i b e d  i n  r e f -  
e r e n c e  8. 
where  
VT t h e  t a n g e n t i a l  v o r t e x  v e l o c i t y  
t h e  v o r t e x  s t r e n g t h  ( a  f u n c t i o n  of t h e  w e i g h t ,  s p e e d ,  and wing span  of  
t h e  g e n e r a t i n g  a i r p l a n e )  
E 0.0002 ro r e p r e s e n t s  t h e  v o r t e x  decay e f f e c t  
T t h e  a g e  of  t h e  v o r t e x  
r t h e  r a d i a l  d i s t a n c e  from t h e  c e n t e r  of t h e  v o r t e x  
The a x e s  o f  t h e  two v o r t i c e s  from t h e  g e n e r a t i n g  a i r p l a n e  a r e  assumed t o  
b e  s t r a i g h t  l i n e s ,  and t o  b e  84 f t  (25.6 m) a p a r t ,  c o r r e s p o n d i n g  t o  observed 
s p a c i n g  f o r  a  Boeing-727 i n  t h e  l a n d i n g  c o n f i g u r a t i o n .  
For t h i s  p a r t i c u l a r  program, 3 combina t ions  of v o r t e x  s t r e n g t h  and c o r e  
d i a m e t e r  were chosen a s  shown i n  f i g u r e  4 .  The v a r i a t i o n  of  c o r e  d i a m e t e r  
w i t h i n  t h e  r a n g e  chosen h a s  been demons t ra ted  t o  have n e g l i g i b l e  e f f e c t  on t h e  
c a l c u l a t e d  u p s e t .  I n  e a c h  c a s e ,  t h e  tangential v e l o c i t y  o u t  t o  a  r a d i u s  of 
35 f t  (10.67 m) was de te rmined  a c c o r d i n g  t o  e q u a t i o n  1 and t h e n  d e c r e a s e d  
l i n e a r l y  t o  become 0  a t  a  r a d i u s  of  70 f t  (21.34 m). The o b j e c t i v e  of t h i s  
t r u n c a t i o n  of  t h e  flow f i e l d  was t o  make i t  i m p o s s i b l e  f o r  t h e  p i l o t  t o  s e n s e  
t h e  presence  of  t h e  v o r t e x  a t  g r e a t e r  d i s t a n c e s  and p r e s e r v e  t h e  c h a r a c t e r i s t i c  
suddenness  o f  t h e  u p s e t s  observed  i n  f l i g h t .  The v o r t e x  p r o p e r t i e s  shown i n  
f i g u r e  4 were chosen t o  o b t a i n  t h e  d e s i r e d  u p s e t  magnitude.  No a t t e m p t s  were 
madc t o  d u p l i c a t e  v a l u e s  c h a r a c t e r i s t i c  of t h e  B-727 a i r c r a f t .  
lncounter geometry- The s e v e r i t y  of  t h e  v o r t e x  u p s e t  depends n o t  o n l y  on 
v ~ r t e x  s t r e n g t h ,  but  a l s o  on t h e  e n c o u n t e r  c o n d i t i o n s  ( i . e . ,  how c l o s e  t h e  
a i r c - r a f t  comes t o  t h e  v o r t e x  c o r e  and t h e  a n g l e  of t h e  f l i g h t  p a t h  r e l a t i v e  
K O  t n e  v o r t e x  a x i s ) .  These  e n c o u n t e r  c o n d i t i o n s  a r e  s p e c i f i e d  i n  t e rms  of  a  
t a r g e t  p o i n t  and  an e n t r y  a n g l e  a s  shown i n  f i g u r e  5. The t a r g e t  p o i n t  s p e c i -  
f i e s  how c l o s e  t h e  a i r c r a f t ' s  i n i t i a l  v e l o c i t y  v e c t o r  ( a i r c r a f t  c . g . )  comes 
t o  t h e  v o r t e x  c o r e  and t h e  e n t r y  a n g l e  s p e c i f i e s  t h e  a t t i t u d e  of t h e  v e l o c i t y  
v e c t o r  r e l a t i v e  t o  t h e  v o r t e x  a x i s .  To e n s u r e  t h a t  t h e  a i r c r a f t ' s  c e n t e r  of 
g r a v i t y  w i l l  t r a v e r s e  t h e  t a r g e t  p o i n t  and o b t a i n  r e p e a t a b l e  e n c o u n t e r s ,  t h e  
v o r t e x  o r i g i n  i s  t r a n s l a t e d  i n  such  a  manner t h a t  t h e  a i r c r a f t ' s  c e n t e r  of  
g r a v i t y  is  a l w a y s  head ing  toward t h e  t a r g e t  p o i n t  r e g a r d l e s s  of  a i r c r a f t  
mot ions .  J u s t  p r i o r  t o  r e a c h i n g  t h e  t a r g e t  p o i n t  t h e  v o r t e x  o r i g i n  i s  f r o z e n  
i n  i n e r t i a l  s p a c e .  T h i s  f r e e z i n g  p o i n t  i s  s e l e c t e d  c l o s e  enough t o  t h e  t a r g e t  
p o i n t  t o  e n s u r e  t h a t  i t  w i l l  be  encouri tered b u t  d i s t i n c t  enough from t h e  t a r g e t  
p o i n t  so  t h a t  t h e  p i l o t  c a n  change h i s  f i i g h t  p a t h  r e l a t i v e  t o  t h e  v o r t e x  once 
i t s  presence  i s  sensed .  For  t h e  p r e s e n t  s i m u l a t i o n ,  t h e  t a r g e t  p o i n t  was 
a l w a y s  l o c a t e d  a t  t h e  c e n t e r  of t h e  v o r t e x  c o r e .  
Vortex-airlcrajt Snteract ion model- The f o r c e s  and moments due t o  t h e  
p r e s e n c e  of t h e  v o r t e x  f l o w  f i e l d  were  c a l c u l a t e d  by s t r i p  t h e o r y  u s i ~ i g  t h e  
method shown i n  r e f e r e n c e  8 .  I n  b r i e f ,  t h i s  p rocedure  d i v i d e s  t h e  wing, h o r i -  
z o n t a l  t a i l ,  and v e r t i c a l  t a i l  i n t o  N-number of chordwise  s t r i p s .  (For  t h i s  
c a s e ,  t h e  wing was d i v i d e d  i n t o  20 s t r i p s  p e r  semi-span, w h i l e  t h e  h o r i z o n t a l  
a n d  v e r t i c a l  t a i l s  were e a c h  d i v i d e d  i n t o  6 s t r i p s  p e r  p a n e l . )  The l o c a l  
v e l o c i t y ,  a n g l e s  of a t t a c k  and s i d e  s l i p ,  and f o r c e s  and moments ( r e f e r r e d  t o  
t h e  a i r p l a n e  c e n t e r  of g r a v i t y )  due  t o  t h e  v o r t e x  were c a l c u l a t e d  f o r  each 
s t r i p .  These i n c r e m e n t a l  f o r c e s  and moments were summed and combined w i t h  
e s t i m a t e d  f u s e l a g e  c o n t r i b u t i o n s  t o  g i v e  t h e  n e t  f o r c e s  and moments on t h e  
a i r p l a n e  due  t o  t h e  v o r t e x .  
Turhulence model- T u r b u l e n c e  was i n t r o d u c e d  t o  o b t a i n  t h e  p i l o t  r e s p o n s e  
t o  a  known d i s t u r b a n c e  f o r  t h e  development  of  p i l o t  d e s c r i b i n g  f u n c t i o n s .  The 
mot ions  due t o  t u r b u l e n c e  were c o n s i d e r e d  t o  b e  e q u i v a l e n t  t o  t h o s e  due t o  
a i l e r o n  and e l e v a t o r  i n p u t s  which were  added t o  t h e  mot ions  computed i n  
r e s p o n s e  t o  p i l o t  i n p u t s .  The e q u i v a l e n t  a i l e r o n  and e l e v a t o r  i n p u t  were 
computed a s  f o l l o w s  : 
5 
Aj = A j  sin (o.t + @.) 3 3 
where the phase (@j) was randomly selected for each run, the frequencies ( w e )  
were specified in terms of number of cycles over a given time period, and tie 
amplitudes ( A j )  were specified in degrees of control surface (elevator and 
aileron). Numerical values of these variables are shown in table IV where 
and 
The amplitudes shown are for the "high" turbulence level. The "moderate" 
turbulence level was one-half of these values. 
TEST PROGRAM 
The test program was limited to vortex encounters during the landing 
approach. The piloting task was to fly either an I'FR or VFR approach on a 
3' glideslope starting with the aircraft trimmed on glideslope and lccalizer 
at the proper airspeed. The pilot was instructed to continue to a lnndinz if 
possible but was given abort capability if desired (gear, flap and engine 
control). 
Data acquisition- For each encounter the pilot was asked to assess the 
hazard in terms of a hazard rating scale developed for this simulation and to 
answer a pilot questionnaire pertaining to the encounter. The rating scale 
and pilot questionnaire are presented in Appendix B. The subjective pilot 
assessment of the vortex encounter provided the only evaluation of hazard of 
the encounter. In addition, those pilots who had flight experience in encoun- 
tering wake vortices in the Learjet were asked to assess the realism of the 
simulation. 
A number of response parameters such as bank angle, roll rate, altitude 
and control surface deflections, etc. were recorded on two 8-channel Brush 
recorders. 
Matrix of test conditions- The test variables used for this program are 
given in table V. They include 3 vortex strengths (To = 1000 (92.9), 1500 
(139.4) and 2000 (185.8) ft2/s (m2/s)), 4 encounter angles 
/ ,  = 7 0  *15'/O, ?Io/-7'. and *10'/-LO'), 5 nominal encounter alti- 
tudes (100 (30.5), 200 (61.0), 300 (91.4), 400 (121.9) and 500 (152.4) ft (m)), 
and 3 turbulence levels (see section on turbulence model). 
Encounters were made eithe into the right or left vortex with altitude, 
vortex strength, and encounter angle selected in a completely random manner. 
In some instances, no encounter at all would be experienced. This procedure 
precluded the pilot predicting when an encounter might occur, how severe it 
would be, and its precise nature. 
RESULTS AND DISCUSSION 
Simulator Evaluation 
l i l o t  sub jec t i ve  assessment- Four pilots were available who had extensive 
s5~11iilator experience and who also had had experience in intentionally encoun- 
~ering vortices from the B-727 and larger aircraft with the Learjet. These 
pilots were asked to make a subjective evaluation of the fidelity and realism 
of the encounters and the simulation cf the Learjet. 
In general, the evaluation was favorable. The pilots considered the 
simulation and the vortex encounters to be quite realistic and a good repre- 
sentation. In particular, they commented on the degree to which the encounter 
came as a surprise, even though it was nearly certain that the event would 
occur during every simulated approach. 
Adverse comments, with respect to the simulation, dealt mainly with pitch 
and yaw motions and accelerations that were somewhat smaller than those experi- 
enced in flight. However, the primary motion, that of roll, was felt to be 
quite gcod. Some of the more abrupt or extreme encounters ran into the limi- 
tations of the simulator, in terms of either rate or travel restrictions. 
However, as the data were analyzed it was found that most of these encounters 
fell well into the hazardous regime and therefore did not contribute to the 
definition of the hazard boundary. 
The turbulence model was felt to be quite good although it was felt that 
the high level of turbulence, in real life, wogld probably have dissipated 
the vortices and made an encounter unlikely. 
In summary, the simulation was judged to be a useful and valid method of 
studying piloted vortex encounters for the purposes of establishing hazard 
criteria. 
Comparison wi th  f l i g h t  data- Time histories of several flight enco:lnters 
of the Learjet with vortices from a B-727 are presented in figure 6 [or com- 
parison with simulated encounters. (The simulation results presented are the 
computed aircraft motions as transmitted to the visual scene and cockpit 
instruments. The cab motion differs according to the mozion logic described 
in Appendix A . )  The records shown were chosen to have roughly the same maxi- 
mum bank angle during the encounter. However, because of the unpredictable 
nature of a wake vortex encounter, it would be expected that no two time his- 
tories would match in detail. It is evident that the simulated and flight 
encounters are similar in that all aircraft motions were excited, and that the 
maximums of each motion were of the same order of magnitude. 
Hazard C r i t e r i a  D e f i n i t i o n  
Hazard r a t i n g -  Each p i l s t ,  on comple t ion  of a  r u n ,  was asked t o  e v a l u a t e  
t h e  e n c o u n t e r  u s i n g  t h e  r a t i n g  s c a l e  and q u e s t i o n n a i r e  p r e s e n t e d  i n  Appendix B. 
The r a t l n g  s c a l e  was abandoned because  t h e r e  was no c o r r e l a t i o n  between t h e  
d i r e c t  a s s e s s m e n t  of h a z a r d  ( q u e s t i o n  3 of t h e  q u e s t i o n n a i r e )  and t h e  p i l o t s '  
r a t i n g  from t h e  s c a l e .  For  example, t h e r e  were f r e q u e n t  c a s e s  where a n  encoun- 
ter was c o n s i d e r e d  t o  b e  hazardous  even though low numbered r a t i n g s  were 
a s s i g n e d ,  t h a t  is :  a i r c r a f t  c o n t r o l  was n o t  a  f a c t o r ,  t h e  demands on t h e  p i l o t  
w e r e  l i g h t ,  and t h e  a i r c r a f t  e x c u r s i o n s  were n e g l i g i b l e .  The f o u r t h  column on 
t h e  s c a l e ,  i n  which t h e  p i l o t  was asked  t o  a s s i g n  a  numer ica l  r a t i n g  t o  t h e  
hazard  a l s o  c o r r e l a t e d  p o o r l y  w i t h  t h e  d i r e c t  q u e s t i o n  concern ing  hazard .  T h i s  
i s  b e l i e v e d  t o  have been  caused  by a  tendency of  t h e  p i l o t s  t o  g i v e  t h i s  r a t i n g  
as an a v e r a g e  of t h e  o t h e r  t h r e e ,  none of which a s s e s s e d  h a z a r d ,  p e r  s e .  
It was, however, p o s s i b l e  t o  accompl i sh  a n  e f f e c t i v e  d a t a  c o r r e i a t i o n  
s o l e l y  on t h e  b a s i s  of  t h e  p i l o t ' s  r e s p o n s e  t o  t h e  q u e s t i o n  "Did you c o n s i d e r  
t h e  run t o  t e  hazardous?" A l l  e n c o u n t e r s  were t h e r e f o r e  r a t e d  a s  e i t h e r  
hazardous  o r  non-hazardous,  and a  boundary was sought  i n  t e rms  of r e s p o n s e  
p a r a m e t e r s  t h a t  s e g r e g a t e  t h e  d a t a  i n t o  hazardous  and nonhazardous r e g i o n s .  
Exper*irncntal resul ts-  The d a t a  b a s e  c o n s i s t s  of  more than  200 e n c o u n t e r s  
made by Cive p i l o t s  ( s e e  Appendix C f o r  p i l o t  resrrmes). The d a t a  were o b t a i n e d  
f o r  both 1 F R  and VE'n' s i t ~ a t i o n s .  However, v e r y  few of t h e  e n c o u n t e r s  f o r  iFR 
c o n d i t i o n s  were  r a t e d  a s  nonhazardous,  which p r e c l u d e s  e s t a b l i s h m e n t  of a  haz- 
a r d  boundary f o r  Tl'E c o n d i t i o n s  from t h i s  d a t a  s e t .  Consequent ly ,  t F e  d e t a i l e d  
d a t a  a n a l y s i s  t o  e s t a b l i s h  hazard  c r i t e r i a  was l i m i t e d  t o  t h e  VFR s i t u a t i o n .  
I t  was a n t i c i p a t e d  t h a t  t h e  h a z a r d  a s s o c i a t e d  w i t h  a  g i v e n  u p s e t  d u r i n g  
t h e  l a n d i n g  approach  would be  s t r o n g l y  c o r r e l a t e d  w i t h  t h e  a l t i t u d e  a t  which 
i t  o c c u r r e d .  The p r o c e d u r e  used i n  c o r r e l a t i n g  t h e  d a t a ,  t h e r e f o r e ,  was t o  
p l o t  :he v a r i o u s  r e s p o n s e  p a r a m e t e r s  i n  r o l l ,  p i t c h ,  yaw, normal a c c e l e r a t i o n ,  
e t c . ,  a s  a  f u n c t i o n  of  e n c o u n t e r  a l t i t u d e  and s e e k  t h e  parameter  t h a t  b e s t  
accompl i shes  a  s e p a r a t i o n  of  t h e  d a t a  i n t o  hazardous  and nonhazardous r e g i o n s .  
Of t h e  v a r i o u s  p a r a m e t e r s  c o n s i d e r e d ,  t h e  r o l l  r e s p o n s e s  were thought  
most l i k e l y  t o  p r o v i d e  t h e  d e s i r e d  c r f t e r i o n  based  on o b s e r v a t i o n  of  t h e  
r e l a t i v e  magni tudes  of  t h e  r e s p o n s e s  and t h e  f a c t  t h a t  r o l l  a c c e l e r a t i o n  had 
been  found i n  f l i g h t  t o  c o r r e l a t e  w e l l  w i t h  a c c e p t a b l e  s e p a r a t i o n  d i s t a n c e  
( r e f s .  7 ,  9 ,  and 10 ) .  I n  t h e  p r e s e n t  a n a l y s i s ,  t h e  parameter  t h a t  y i e l d e d  
t h e  b e s t  d e f i n e d  hazard  boundary was maximum bank a n g l e .  T h i s  was chosen t o  
b e  t h e  maximum bank a n g l e  t h a t  o c c u r r e d  i n  r e s p o n s e  t o  t h e  v o r t e x  and i n c l u d e d  
a n y  c o r r e c t i v e  a c t i o n  t a k e n  by t h e  p i l o t  t o  r e g a i n  c o n t r o l .  The c o r r e l a t i o n  
o f  t h e  bank a n g l e  d a t a  i s  shown i n  f i g u r e  7 and i n c l u d e s  a l l  e n c o u n t e r s  
o b t a i n e d  u n d e r  VFR c o n d i t i o n s .  Those e n c o u n t e r s  a s s e s s e d  a s  hazardous  by t h e  
p i l o t s  a r e  d e s i g n a t e d  by t h e  f i l l e d  symbols. The hazard  boundary s h o w  c l e a r l y  
s e p a r a t e s  t h e  d a t a  i n t o  two r e g i o n s :  one  c o n t a i n i n g  no hazardous  e n c o u n t e r s ;  
and one i n  which an e n c o u n t e r  i s  l i k e l y  t o  b e  hazardous .  I t  i s  n o t  p o s s i b l e  
t o  extend t h i s  hazard boundary t o  a l t i t u d e s  l e s s  t h a n  a b o u t  200 f t  (61.0 m) 
b e c a u s e  none of  t h e  e n c o u n t e r s  s i m u l a t e d  a t  t h e  lower a l t i t u d e s  were  c o n s i d e r e d  
t o  be nonhazardous.  
The t e n t a t i v e  hazard  boundary drawn i n  f i g u r e  7  a p p e a r s  t o  b e  r e a s o n a b l y  
r e p r e s e n t a t i v e  of t h e  o p i n i o n  of a l l  of t h e  p a r t i c i p a t i n g  p i l o t s  i n  t h a t  e2ch 
of  them c o n t r i b u t e d  a t  l e a s t  one hazardous  d a t a  p o i n t  c l o s e  t o  t h e  boundary. 
However, s i n c e  t h e  u p s e t s  were g e n e r a t e d  by v a r y i n g  e i t h e r  t h e  e n c o u n t e r  a n g l e  
o r  t h e  v o r t e x  s t r e n g t h ,  t h e  q u e s t i o n  a r i s e s  a s  t o  whether  t h e  boundary d e t e r -  
mined i n  f i g u r e  7 is  predomlnant ly  t h a t  of any one p a r t i c u l a r  e n c o u n t e r  condi-  
t i o n .  To answer t h i s  q u e s t i o n ,  d a t a  a r e  p r e s e n t e d  i n  f i g u r e  8 t h a t  a r e  
r e s t r i c t e d  t o  a  s i n g l e  e n c o u n t e r  a ~ g l e  f o r  v a r y i n g  c i r c u l a t i o n  s t r e n g t h  and 
v i c e  v e r s a .  I n  e i t h e r  c a s e ,  t h e  t e n t a t i v e  hazard  boundary drawn t o  f i t  a l l  
o f  t h e  d a t a  (from f i g .  7) a l s o  p r o v i d e s  a r e a s o n a b l e  boundary t o  t h e  r e g i o n  
c o n t a i n i n g  t h e  hazardous  e n c o u n t e r s  from t h e  l i m i t e d  d a t a  s e t s .  
C o r r e l a t i o n  of t h e  p i l o t ' s  assessment  of hazard  w i t h  e i t h e r  r o l l  r a t e  o r  
r o l l  a c c e l e r a t i o n  was c o n s i d e r a b l y  l e s s  s u c c e s s f u l .  The c o r r e l a t i o n  i n  t e rms  
o f  r o l l  r a t e  i s  shown i n  f i g u r e  9 .  While some s e p a r a t i o n  of t h e  d a t a  i n t o  
hazardous  and p o s s i b l y  hazardous  r e g i o n s  i s  e v i d e n t ,  a  boundary c a n n o t  b e  
drawn t h a t  s e p a r a t e s  a s  many of t h e  noilhazardous e n c o u n t e r s  from t h e  d a t a  s e t  
a s  was p o s s i b l e  i n  t h e  c a s e  c f  maximum bank a n g l e .  
The c o r r e l a t i o n  of  t h e  p i l o t ' s  assessment  of hazard  w i t h  r o l l  a c c e l e r a t i o n  
i s  shown i n  f i g u r e  1 0 .  These r e s u l t s  a r e  of p a r t i c u l a r  i n t e r e s t  s i n c e ,  a s  
p r e v i o u s l y  ment ioned ,  r o l l  a c c e l e r a t i o n  h a s  been used a s  a  c o r r e l a t i o n  param- 
e t e r  f o r  t h e  f l i g h t  i n v e s t i g a t i o n s  r e p o r t e d  i n  r e f e r e n c e s  7,  9 ,  and 10 .  The 
parameter  used  i n  t h e  f l i g h t  program was t h e  r a t i o  of t h e  v o r t e x  induced r o l l  
a c c e l e r a t i o n  t o  t h e  r o l l  c o n t r o l  power of t h e  a i r p l a n e .  S i n c e ,  f o r  a  g i v e n  
f l i g h t  c o n d i t i o n ,  t h e  r o l l  c o n t r o l  power of t h e  a i r c r a f t  i s  a  c o n s t a n t  t h i s  
parameter  i s  ana logous  t o  t h a t  used i n  f i g u r e  10 .  I n  t e rms  of t h i s  parameter ,  
t h e  nonhazardous e n c o u n t e r s  were found t o  be  randomly d i s t r i b u t e d  th roughout  
t h e  range o f  t h e  d a t a  a s  i l l u s t r a t e d  i n  f i g u r e  10 ,  and d e f i n i t i o n  of a  h a z a r d  
boundary t h a t  s e p a r a t e s  a  s i g n i f i c a n t  number of t h e  nonhazardous e n c o u n t e r s  
from t h e  r e s t  of t h e  d a t a  i s  n o t  p o s s i b l e .  
A s  p r e v i o u s l y  ment ioned ,  t h e  s e v e r i t y  of  t h e  e n c o u n t e r  was c o n t r o l l e d  by 
v a r y i n g  e i t h e r  t h e  v o r t e x  s t r e n g t h  o r  t h e  e n c o u n t e r  a n g l e  i n d e p e n d e n t l y .  The 
maximum bank a n g l e s  o b t a i n e d  i n  t h i s  manner v a r i e d  by a  f a c t o r  of  4 i n  e i t h e r  
c a s e  ( f i g s .  l l ( a )  and ( b ) ) .  However, o n l y  when t h e  e n c o u n t e r  a n g l e  was h e l d  
c o n s t a n t  ( f i g .  l l ( b ) )  d i d  t h e  maximum bank a n g l e  show any s i g n i f i c a n t  v a r i a t i o n  
w i t h  t h e  v o r t e x  induced r o l l  a c c e l e r a t i o n .  For  t h i s  c o n d i t i o n ,  t h e  maximum 
bank a n g l e  t e n d s  t o  l i e  i n  a  band, w i t h  t h e  mean v a l u e  f o l l o w i n g  a n  approxi -  
m a t e l y  l i n e a r  r e l a t i o n s h i p  w i t h  t h e  v o r t e x  induced r o l l  a c c e l e r a t i o n .  S i n c e  
t h e  hazard  a s s e s s m e n t  h a s  been shown t o  c o r r e l a t e  i n  t e rms  of maximum bank 
a n g l e  ( f i g .  7 ) ,  i t  f o l l o w s  t h a t  t h i s  r e s t r i c t e d  d a t a  s e t  should  a l s o  c o r r e l a t e  
i n  terms of  t h e  a c c e l e r a t i o n  p a r a m e t e r s .  Such a  c o r r e i a t i o n  i s  shown i n  
f i g u r e  12 ,  and i t  i s  c l e a r  t h a t  a  r e a s o n a b l e  s e p a r a t i o n  of t h e  d a t a  i n t o  
nonhazardous  and p o s s i b l y - h a z a r d o u s  r e g i o n s  i s  o b t a i n e d .  
I t  is  s p e c u l a t e d  t h a t  t h e  f l i g h t  t e s t  p r o c e d u r e s  ( r e f s .  7 ,  9 ,  and 10)  
l i m i t e d  t h e  e n c o u n t e r  a n g l e s  t o  a  much s m a l l e r  range  t h a n  was covered  i n  the 
s i m u l a t i o n .  I f  t h i s  r a n g e  were s u f f i c i e n t l y  s m a l l ,  t h e  s i m u l a t i o n  r e s u l t s  
d e m o n s t r a t e  t h a t  an a s s e s s m e n t  of hazard  i n  t e rms  of  maximum a c c e l e r a t i o n  due 
t o  t h e  v o r t e x  should  p r o v i d e  a  c o r r e l a t i o n  of  t h e  d a t a .  
However, t h e  s i m u l a t i o n  d a t a  show t h a t  t h e  p i l o t ' s  hazard  assessment  
c o r r e l a t e s  w e l l  w i t h  maximum bank a n g l e  f o r  a  wide r a n g e  of e n c o u n t e r  a n g l e s  
a n d  v o r t e x  s t r e n g t h s .  T h i s  i n d i c a t e s  t h a t  t h e  p i l o t s  assessment  of t h e  hazard  
i s  based on t h e  magnitude o f  t h e  u p s e t  r a t h e r  t h a n  t h e  means i n  which t h e  
u p s e t  is  g e n e r a t e d .  
A s  noted p r e v i o u s l y ,  t h e  s imulat ,ed v o r t e x  e n c o u n t e r s  under  IF.? c o n d i t i o n s  
w e r e ,  a lmost  w i t h o u t  e x c e p t i o n ,  a s s e s s e d  t o  be  hazardous  ( f i g .  13).  P i l o t  
commentary i n d i c a t e s  t h a t  d i s o r i e n t a t i o n  was t h e  pr imary c a u s e  f o r  t h i s  a s s e s s -  
ment .  For t h e  I F R  e n c o u n t e r s ,  t h e  s m a l l e s t  maximum bank a n g l c  a t  each a l t i -  
t u d e  was on t h e  o r d e r  of  50 p e r c e n t  o f  t h e  maximum bank a n g l e  d e f i n i n g  t h e  
h a z a r d  boundary f o r  !'FR c o n d i t i o n s .  The hazard  boundary f o r  IFR c o n d i t i o n s  
mus t  t h e r e f o r e  l i e  a t  maximum bank a n g l e s  no g r e a t e r  t h a n  one h a l f  of t h o s e  
c o n s i d e r e d  a c c e p t a b l e  under  VFR c o n d i t i o n s .  
CONCLUDING REMARKS 
A p r e l i m i n a r y  sirinulation h a s  been  conducted t o  e v a l u a t e  tile u s e f u l n e s s  
o f  p i l o t e d  moving-base s i m u l a t i o n  f o r  development of  hazard  c r i t e r i a  f o r  wake 
v o r t e x  e n c o u n t e r s ,  and t o  d e t e r m i n e  t h i s  c r i t e r i a  f o r  one c l a s s  of a i r c r a f t .  
P i l o t  o p i n i o n  i n d i c a t e d  t h a t  t h e  s i m u l a t i o n  was s u f f i c i e n t l y  r e a l i s t i c  
and  r e p r e s e n t a t i v e  of f l i g h t .  e n c o u n t e r s  t o  b e  a  u s e f u l  t o o l  f o r  t h e  e s t a b l i s h -  
ment  of hazard  c r i t e r i a .  
P i l o t  e v a l u a t i o n s  of  e n c o u n t e r  h a z a r d ,  f o r  VFR c o n d i t i o n s ,  c o r r e l a t e d  
w e l l  w i t h  maximum r o l l  a t t i t u d e  w i t h  t h e  a l l o w a b l e  u p s e t  i n c r e a s i n g  n e a r l y  
l i n e a r l y  w i t h  i n c r e a s i n g  a l t i t u d e .  For a l t i t u d e s  below 200 f t  (61 .0  n) and 
f o r  i n s t r u m e n t  f l i g h t  c o n d i t i o n s ,  i n s u f f i c i e n t  d a t a  were o b t a i n e d  a t  s m a l l  
u p s e t  a n g l e s  t o  e s t a b l i s h  hazard  c r i t e r i a .  However, t h e  a v a i l a b l e  d a t a  sug- 
g e s t s  t h a t  t h e  a l l o w a b l e  u p s e t  under  i n s t r u m e n t  c o n d i t i o n s  w i l l  be  no g r e a t e r  
t h a n  50 p e r c e n t  of t h a t  a l l o w a b l e  under  v i s u a l  c o n d i t i o n s .  
APPENDIX A 
MOTION LOGIC AND FREQUENCY RESPONSE OF S.O1 SIMULATOR 
Motion zog i e -  The S.01  motion simulator requires three velc-.ity command 
signals (for the translational axes; X, Y, and Z motion of the simulator), and 
three rotational position command signals (for the rotational axes, 6, 8 ,  and 
$I motion of the simulator). A motion drive program has been designed to com- 
pute these drive signals based on acceleration and/or rate informatisr, supplied 
by the simulated aircraft through the solution of the equations of motlon for 
a rigid body vehicle. The drive signals have acceleration washouts, limiting 
circuitry and cross coupling effects to approximate the same feel as would be 
felt in the simulated aircraft for the type of motion desired. This is known 
as the washout motion system and is shown in the block diagrcm in figure 14. 
A3 previously stated, the Furpose of the washout motion systern is to give the 
pilot in the simulator the f ?I of the simulated aircraft motions while keeping 
the simulatbr within its physical hardware limits. 
The inputs to the washout motion system are the pilct station accelera- 
tions az , a y p ,  a,2p, pa, iB, and fig. These quantities are normally determined P 
in the basic computer program that solves the aircraft equations of motion. 
The washout system also uses the actual position feedback sigsal from each 
translational axis of the simulator. The outputs of the system are the three 
translational velocity drive signals and the three rotational drive signals 
required by the simulator. 
As shown in figure 14 ,  the acceleration inputs ( A , j  and Ai) are fed into 
fourth order washout filters designed to pass only the high frequency com- 
ponents of the acceleration input. These high frequencies are important with 
regard to the pilots feel of the aircraft motion. The frequenly ( U I H ~  and w,q2), 
damping (5u1 and 5 , r 1 1 ) ,  and gain (K1 terms) characteristics of the filter are 
- 
adjusted on the basis of the particular aircraft involved and the objectives 
of the research program to give the desired results. 
The residual tilt in figure 1 4 ( b )  is provided as an additional transla- 
tional acceleration cue near the end of a particular translational travel by 
combining the translational acceleration vith the calculated simulator load 
factor to rotate or tilt the cab in the translational axis plane. This resid- 
ual tilt is a function of w~ and KLL terms and must be accomplished at fre- 
quencies low enough so that the pilot does not sense the accompanying angular 
acceleration. 
The high frequency false translational acceleration cues due to gravity 
accompanying pure cab rotation are compensated for by appropriate translational 
accelerations. 
Additional second order filters are used (fig. 14(a)) to wash out any 
long-term con,ponents of the calculated acceleration (ATS). These filters have 
the same damping (cD) and frequency ( w D )  characteristics for the washed out 
accelerations (AsD), velocity commands ( A s ) ,  and desired positions (A,). 
Calculations are also included in t.lie motion drive program to limit the 
translational motion and correct for any position drift. 
For this particular simulation, the roll response was improved with the 
addition of a second order feed forward compensation. This is given by the 
following equation. 
where 
+e 
S . O 1  commanded roll 
@b, output of normal washout program 
. . 
9 , $  .i*uted roll rate and roll acceleration at pilot station 
A listing of the S.O1 motion program coefficients and values used for 
this simulation is presented in table VT. 
Frequency response- An all digital six-axis frequency evaluation program 
(SAFE) has been developed to check the response characteristics of the simu- 
lator. This system drives all six axes simultaneously by a sum of sinusoids 
for approximately cne minute. Witb this known input and the measured position 
responses, calculations are made tcl determine each axis' frequency response 
at each of the driving frequencies. 
Bode plots of amplitude ratio and phase lag measured for each axis are 
presented in figure 15. Because the SAFE program assumes that each axis does 
not respond to the commands to other axis, these Bode plots are for the S.O1 
simulator without washout or feed forward compensation, 
A similar SAFE program is also available to determine the frequency 
response of the visual system. Bode plots of amplitude ratio and phase lag 
for the visual system are presented in figure 16. 
APPENDIX B 
HAZARD RATING AND PILOT QUESTIONNAIRE 
A m u l t i p l e  c h o i c e  v o r t e x  h a z a r d  r a t i n g  s c a l e  was developed by Spstems 
Technology,  I n c .  f rom t h e  r e s u l t s  of a  q u e s t i o n n a i r e  d i s t r i b u t e d  t o  some 48 
p r i v a t e ,  commercial  and r e s e a r c h  p i l o t s  ( r e f .  11).  Each p i l o t  e v a l u a t e d  t h e  
s e l e c t i v i t y  and s e n s i t i v i t y  o f  a  number of a d j e c t i v e s  and p h r a s e s  and l o c a t e d  
them on  a  n o n - a d j e c t i v a l  s c a l e  of  i n c r e a s i n g  hazard .  Each p i l o t  a l s o  graded  
t h e  s u i t a b i l i t y  o f  each a d j e c t i v e  and p h r a s e  and s p e c i f i e d  t h e i r  p r e f e r e n c e  
f o r  e i t h e r  a  Cooper-Harper s t y l e  d e c i s i o n  t r e e  o r  a  m u l t i p l e  c h o i c e  fo rmat .  
A n a l y s i s  of  t h e s e  p i l o t  e v a l u a t i o n s  r e s u l t e d  i n  t h e  r a t i n g  s c a l e  shown i n  
f i g u r e  1 7 .  T h i s  fo rmat  h a s  columns f o r  t h e  e v a l u a t i o n  of  a i r c r a f t  c o n t r o l ,  
demands on t h e  p i l o t  and a i r c r a f t  e x c u r s i o n s  w i t h  t h e  s e l e c t i o n  of  t h e  a d j e c -  
t i v a l  p h r a s e s  and t h e i r  l o c a t i o n  on a  s c a l e  of  1-5 b e i n g  t h e  r e s u l t  of t h e  
p i l o t  survey .  A f o u r t h  column was a l l o c a t e d  t o  t h e  p i l o t s  assessment  of  t h e  
h a z a r d  on an a r b i t r a r y  s c a l e  of 1-5. 
Along w i t h  t h e  hazard  r a t i n g  s c a l e ,  a  p i l o t  e v a l u a t i o n  s h e e t  o r  q u e s t i o n -  
n a i r e  was a l s o  u s e d  t o  s t i m u l a t e  .: . ? s p o n s e  from t h e  p i l o t  and p r o v i d e  answers  
t o  c e r t a i n  s p e c i f i c  q u e s t i o n s ,  one of which was t h e  p i l o t s  s u b j e c t i v e  e v a l u a -  
t i o n  o f  whether  t h e  e n c o u n t e r  was o r  was n o t  a  hazard .  A copy of  t h e  e v a l u a -  
t i o n  s h e e t  i s  shown i n  f i g u r e  18. 
APPENDIX C 
PILOT RESUMES 
Included in this section are brief resumes of the experience and qualifi- 
cations of the pilots taking part in the simulation. 
Pilot A 
Position: Engineering Test Pilot, NASA/Ames 
Flight time: 
Single engine 5850 
Multi-engine 2100 
Other (Hel.) 300 
Total 8250 
Miscellaneous: ATR 
Pilot B 
Position: Flight Test Pilot, FAAINAFEC 
Flight time: 
Single engine 3000 
Multi-engine 5500 
Other 500 
Total 9000 
Miscellaneous: ATR 
Pilot C 
Position: Flight Test Fllot, FAA/NAFEC 
Flight time: 
Single engine 1200 
Mu1 t i-engine 4500 
Other 2500 
Total 8200 
Miscellaneous: ATR 
Pilot D 
Position: Aeronautical Engineer, Systems Technology, Inc. 
Flight time: 
Single engine 500 
Mu1 ti-engine 0 
Other 0 
Total 500 
Miscellaneous: Comercial license (ASEL) - No instrument rating 
Pilot E 
Position: Engineering Test Pilot, ~fi/AWE-105 
Flight time: 
Single engine 3000 
Multi-engine 8500 
Other 1300 
Total 12800 
Miscellaneous : ATR 13 
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TABLE I.- MOTION LIMITS 
Motions 
Generated Displacement Acceleration Velocity 
Roll +35O 10 rad/s2 1.3 rad/s 
Yaw +35" 3.0 rad/s2 3.0 rad/s 
Pitch +35" 4.5 rad/s2 1.7 rad/s 
Vertical +9 ft (r2.7 m) 8.8 ft/s2 (2.7 m/s2) 7.5 ft/s (2.3 m/s) 
Longitudinal +9 ft (k2.7 m) 7.5 ft/s2 (2.3 m/s2) 9.0 ft/s (2.7 m/s) 
Lateral +9 ft (k2.7 m) 9.2 ft/s2 (2.8 m/s2) 8.0 ft/s (2.4 m/s) 
TABLE 11.- COCKPIT INSTRUMENTATION 
Number 
1 
Instrument 
Indicated angle of attack 
Indicated airspeed, kt 
TurnIBank 
Attitude deviation indicator 
Horizontal situation indicator 
(Glide slope on right and localizer on bottom) 
Control surface status (trim) 
Altimeter 
Instantaneous vertical speed indicator 
Normal acceleration, g units 
Clock 
Engine RPM 
Flap deflection 
Gear status lights: UP, DOWN 
TABLE 111.- COCKPIT CONTROLS 
Number 
1 
2 
3 
4 
5 
6  
7 
,T A j  
Ai le ron  Elevator  
1 0.61 0.66 
2  1.22 0.30 
3  3.065 1.80 
4 3.065 1.37 
5 3.065 1.78 
Contro l  
Column and wheel 
P i t c h  and r o l l  t r i m  (thumb swi tch)  
Rudder pedals  
T h r o t t l e  l e v e r s  
Flap handle 
Gear handle 
Yaw damper ON/OFF switch 
NUMERICAL VALUES OF ROLL AND PITCH 
TURBULENCE VARIABLES 
IJ . w .  ( r a d l s )  
3 J 
Aileron Elevator  Aileron Elevator  
TABLE V.- VORTEX ENCOUNTER CONDITIONS 
Vortex Nominal encounter a l t i t u d e ,  f t (m) 
100 ( 3 0 . 5 )  200 ( 6 1 . 0 )  3 0 0 ( 9 1 . 4 )  4 0 0 ( 1 2 1 . 9 )  500 ( 1 5 2 . 4 )  strength G / V  
ft2/s(m'/s)  
TABLE VI. S.O1 MOTION PROGRAM COEFFICIENTS AND VALUES 
Symbol Values 
Washout filters w 
'X1'"'%2 
5 
5  
'Rl ' ' " H Z  
Residual Tilt w 
TABLE VI. S . 0 1  MOTION PROGRAM COEFFICIENTS AND VALUES - CONCLUDED. 
Symbols Values 
Translational w D ~ ~ ~ D ~  'ODz 
Rotational 
.. .. .. 
Limits 
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Figure  4.- Vortex models. 
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Figure 8.- Variation of encounter hazard with maximum bank angle and encounter altitude, VFR. 
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F i g u r e  9.- V a r i a t i o n  o f  e n c o u n t e r  hazard  w i t h  maximum r o l l  r a t e  and e n c o u n t e r  a l t i t u d e  f o r  a l l  e n t r y  
c o n d i t i o n s ,  VFR. 
F i g u r e  10.- V a r i a t i o n  of e n c o u n t e r  hazard  wit!? maximum r o l l  a c c e l e r a t i o n  due t o  t h e  v o r t e x  and encounte r  
a l t i t u d e  f o r  a l l  e n t r y  c o n d i t i o n s ,  VFR. 
150 
120 
90 
60 
30 
0 
13 04 
500 I 9 'e oU, 0% 0 A 'I - W 0 .  0 C3 El 0 0 m, 
0 2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8 
MAXIMUM ROLL ACCELERATION DUE TO VORTEX, &,? rad/s2 
3 4  
I- 
 
5 
a 
300 fx 
W 
b- 
z z 200 
0 
z 
W 
ioo 
a - + a o, 0 
- 08 o.a0 t yea + . - 0, 
Co 
F ILLED SYMBOLS DENOTE 
4 6 8  + 0 HAZARDOUS ENCOUNTERS - a PILOT - 
8. (oQ 0 A B 
0 c 
- t +<a  @.*# a o V E - + 
A I I I I I I I 
r0,fi2/s (m2/s) t / ~ ~ / ~ , d e g  8 deg 
w/v ' 
0 1000 (92.9) -t 10 - 10 
I000 (92.9) k7 -7 
0 1000 (92.9) +7 0 
i n I I I I I I I I 
0 2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8 
M A X I M U M  R O L L  ACCELERATION DUE T O  VORTEX, P m ,  rad/s2 
(a) Constant vortex strength. 
Figure 11.- Variation of the maximum bank angle with the maximum roll acceleration due to the vortex. 
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Figure  13.- Var i a t ion  of encounter hazard wi th  maximum bank angle  and encounter a l t i t u d e  f o r  a l l  e n t r y  
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Figure 15.- Frequency response characteristics of S.O1 simulator without washout. 
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Figure 16.- Frequency response characteristics of the VFA.02 visual system. 
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Figure 17.- Vortex hazard rating scale. 
PILOT DATE 
RUN NUMBER 
- 
(1) B r i e f l y  d e s c r i b e  t h e  v o r t e x  e n c o u n t e r .  
( 2 )  Would you h a v e  c o n t i n u e d  o n  norma l  f l i g h t  o r  a b o r t e d  t h e  t a s k  i f  t h i s  
e n c o u n t e r  o c c u r r e d  i n  f l i g h t ?  
( 3 )  Did you c o n s i d e r  t h e  r u n  h a z a r d o u s ?  
(4 )  If  t h e  u p s e t  was deemed a s  h a z a r d o u s ,  was t h e  p r i m a r y  h a z a r d :  
Ground i m p a c t ?  
S t r u c t u r a l  f a i l u r e  d u e  t o  v o r t e x ?  
S t r u c t u r a l  f a i l u r e  d u e  t o  r e c o v e r y  a t t e m p t ?  
(5) O t h e r  comments:  
F i g u r e  18.- P i l o t  q u e s t i o n n a i r e .  
